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Abstract
Two synchrotron diﬀraction techniques, three-dimensional X-ray diﬀraction and Laue microdiﬀraction, are applied to studying the 
deformation behaviour of individual grains embedded in a Cu74Al23Be3 superelastic shape memory alloy. The average lattice rotation 
and the intragranular heterogeneity of orientations are measured during in situ tensile tests at room temperature for four grains of mean 
size 1 mm. During mechanical loading, all four grains rotate and the mean rotation angle increases with austenite deformation. As the 
martensitic transformation occurs, the rotation becomes more pronounced, and the grain orientation splits into several sub-domains: the 
austenite orientation varies on both sides of the martensite variant. The mean disorientation is 1. Upon unloading, the sub-domains 
collapse and reverse rotation is observed.
1. Introduction
The understanding of complex relations between micro-
structure and macroscopic properties in materials leads to
better use of materials and development of innovative
applications. Shape memory alloys (SMA) are perhaps
one of the best examples of the importance of such an
understanding. These materials can recover their original
shape after undergoing deformation of several per cent.
The recovery which occurs upon heating is termed shape
memory eﬀect, while on unloading it is superelasticity.
These remarkable properties are related to the martensitic
transformation. Many studies have been devoted to these
phenomena in the last 40 years [1], and a growing number
of industrial and commercial applications are based on
these phenomena. Among the most successful applications
are vascular stents [2] and dental ﬁles [3].
The martensitic transformation can be studied on sev-
eral length scales. At the crystallographic lattice scale, a
large deviatoric strain is associated with the transition from
high-temperature austenite to low-temperature martensite.
On a longer length scale, strain incompatibilities between
martensite and austenite domains are responsible for the
occurrence of stacking faults and microtwins, leading to
the formation of characteristic martensitic microstructures.
The morphology of austenite grains with intragranular
martensite variants also deﬁnes a characteristic internal
length of the structure. Some aspects of these features are
already taken into account in modelling, as in the work
of Bhattacharya and Kohn [4], in phase ﬁeld approaches
[5] or in scale transition schemes [6,7], but several of these
key characteristics are still unclear, such as the strain
incompatibilities between crystal lattices of austenite and
martensite phases and lattice rotations. Few attempts have
been made experimentally to relate these diﬀerent micro-
structural levels to the observed material behaviour [8,9].
Experimental diﬃculties in accessing local information
on polycrystals are responsible for this lack of knowledge.
In SMA, single crystal analysis has delivered a great deal of
useful information furthering the understanding of interfa-
cial motions between parent and product phases, for both
uniaxial loading and temperature changes [10–14]. Unfor-
tunately, these results cannot be easily extended to mar-
tensitic transformation in polycrystalline materials. Strain
incompatibilities occurring at grain boundaries and stress
transfer between transforming grains strongly inﬂuence
the transformation kinetics in polycrystals [4]. As a conse-
quence, the macroscopic behaviour diﬀers strongly between
polycrystals and single crystals. Micromechanical scale
transition models have been developed to account for these
diﬀerences. They predict the occurrence of large intergran-
ular strain incompatibilities [6], but few experimental data
are available at this length scale to validate these results.
Broadening of X-ray diﬀraction peaks of the austenite
phase was observed during the transformation in a
Cu–Al–Be polycrystal with coarse grains [9] and in a
Cu–Al–Zn–Mn polycrystal with small grains [15] and was
ascribed to the development of strain incompatibilities dur-
ing the transformation [9]. The reverse process was
observed upon unloading, while martensite transforms
back to austenite [15]. Such preliminary results advocate
the development of an experimental methodology allowing
observations of micro-mechanisms occurring during the
martensitic transformation by coupling diﬀerent analysis
techniques and in situ characterization of material behav-
iour. In this context, “in situ” means microstructural anal-
ysis performed during thermomechanical loading.
Synchrotron diﬀraction techniques give volume infor-
mation and allow microstructural analysis at diﬀerent
length scales. To the authors’ knowledge two recent tech-
niques, namely three-dimensional X-ray diﬀraction
(3DXRD) microscopy and Laue microdiﬀraction, have
been applied to the analysis of phase transformation in
steels under cooling [16,17] or to the study of plasticity in
metallic alloys (Cu, Al) [18,19], but they have never been
applied to characterizing martensitic transformation in
SMA, and these techniques have not been used together
to reach a global understanding of the transformation
mechanism. This work presents a multiscale analysis com-
bining diﬀerent experimental techniques as tensile tests to
characterize the overall behaviour of the sample, synchro-
tron diﬀraction techniques for microstructural analysis
and optical microscopy to observed the degree of
transformation in a Cu74Al23Be3 SMA. Following basic
information on both techniques (3DXRD and Laue micro-
diﬀraction techniques), the results are presented: the aver-
age rotations of the grains as well as heterogeneities
within the grain are discussed.
2. Experimental methods
In order to characterize microstructural features related
to superelastic behaviour, a 3DXRD microscope was used
to analyse the behaviour of each individual grain embed-
ded inside the polycrystalline material. Then Laue micro-
diﬀraction was performed to achieve a local analysis at
the intragranular scale. All measurements were done using
an in situ tensile device.
2.1. Materials
Copper-based SMA were chosen in this study because
grain size is larger in these alloys than in nickel–titanium.
This allows easier development for intragranular studies.
Among copper-based SMA, Cu–Al–Be alloys present suit-
able characteristics: a large macroscopic transformation
strain and good thermal stability [20]. The weight compo-
sition of the alloy studied was 87.8% copper, 11.6% alumin-
ium and 0.6% beryllium, with an expected transformation
temperature Ms below room temperature (Ms  115 C).
The samples were solution treated at 800 C in the b phase,
water quenched and annealed at 200 C for 1 h: therefore
they were fully austenitic with coarse millimetric grain size
at room temperature.
2.2. 3DXRD microscopy
This technique is based on the measurement of local
crystallographic lattice orientations using a monochro-
matic beam to get a map of the microstructure; a detailed
presentation can be found in Refs. [21–25]. In the present
work on beamline ID11 at the European Synchrotron
Radiation Facility (ESRF), the energy of incident X-rays
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Fig. 1. Deﬁnition of sample position and tensile direction with respect to the incident X-rays beam in the 3DXRDmicroscope on the ESRF ID11 beam line.
beam is 80 keV. The beam size is 200  200 lm. The sam-
ple is mounted in a 25 kN Instron stress-rig adapted to the
diﬀractometer and placed on the x-rotation stage and a
(x, y, z)-translation stage. The gage length is 45 mm, the
thickness 2 mm and the width 8 mm. The tensile direction
is horizontal and transverse to the beam for x = 0, as
shown in Fig. 1. During measurement, the sample rotates
around the X-axis [26]. Each analysis is composed of a
set of 305 pictures. Diﬀracting grains are characterized by
their diﬀraction vectors measured on the diﬀraction pat-
tern. These vectors are obtained using the ImageD11 soft-
ware developed by Wright [27]. A minimum of ten
diﬀraction spots is required to get a grain orientation.
The GrainSpotter software developed by Schmidt [28] is
used to get the orientation matrix according to the known
structure (cell parameters). Inside the sample, grains
aligned along the x rotation axis diﬀract. A shift in the dif-
fraction pattern is observed for grains that do not respect
this alignment. That produces an error in the determina-
tion of the grain orientation matrix. A geometrical correc-
tion may be applied when the grain shape is known [29].
Such a correction could not be applied in the present case
because there is no information about the grain shape
inside the bulk. So, only grains presenting diﬀraction spots
for every value of the x angle between 38 and 38.25 are
considered, which is grains that stay in the diﬀracting vol-
ume whatever the x value. As the mean grain size is
500 lm, which is larger than the beam size, very few
grains are able to respect this condition: in the present case,
there were only four grains.
2.3. Laue microdiﬀraction technique
A Laue microdiﬀraction set-up was developed at ESRF
on the polychromatic BM32 beamline with a 5–25-keV
beam energy range. The beam size is 2 lm in diameter.
Using a scanning step of 3 lm to collect the Laue patterns,
a 170  170 lm surface is mapped. Each map is composed
of 3306 pictures. As the beam size is lower than the grain
size, only one grain stands in the diﬀracting volume. Index-
ing of diﬀraction patterns is performed using XMAS soft-
ware [30] based on an algorithm proposed by Chung
et al. [30,31]. The orientation is computed with an accuracy
of 0.1. In the Laue-diﬀraction experiment, a homemade
tensile machine is used. The maximum load capacity of this
machine is 5 kN. Sample B is presented in Fig. 2. It was
used for the micro-Laue experiment; it has a gage length
of 19-mm, thickness 1.16 mm and width 5.76 mm. Owing
to experimental constrains, only a small area of the sample
located in the centre of a coarse grain can be analysed (see
Fig. 2). In addition, the homemade tensile machine used
for this experiment was not able to keep the analysis zone
at a constant position with respect to the X-ray microbeam.
After each loading increment, an optical microscope was
used to identify and reposition the analysis zone according
to the beam. The XMAS indexing software [30,31] gave the
crystalline orientation using Euler angles (u, h, w). Three
orientation maps were then obtained at each loading step,
one for each Euler angle.
3. Experimental results
3.1. Orientation at the grain scale: 3DXRD results
3.1.1. Average grain rotation
The overall behaviour is presented Fig. 3. An extensom-
eter is used to capture the deformation. The square dots
stand for the 18 measurement points performed on loading
and the nine points during unloading. The behaviour is
elastic up to 280 MPa. At higher stress, stress-induced mar-
tensitic transformation takes place. The maximum stress
imposed in this experiment is 465 MPa in order to avoid
the occurrence of plastic strain [32].
As mentioned in Section 2.2, four grains were followed
during the mechanical cycle, named grain 1 to grain 4.
Thanks to their initial crystallographic orientation, the
Schmid factor was calculated for the best oriented martens-
itic variants inside each grain. Grain 2 presents the highest
Schmid factor (0.49), whereas grain 1 appears to be less
favourably oriented (0.31). Grains 3 and 4 have an interme-
diate orientation (0.40). Crystallographic orientations and
Schmid factor are summarized Table 1.
Fig. 4 plots the evolution of the orientation of the load
axis in a stereographic triangle for the four grains upon (a)
loading and (b) unloading. Each dot in Fig. 4 corresponds
to the mean crystalline orientation of one grain at a given
loading step. At each loading point, the measurement
uncertainty on the orientation value is estimated as ±0.25.
Upon loading, all four orientations evolve a relatively
large amount. The four grains rotate, each one in a diﬀer-
Fig. 2. Overall observation of sample B revealing its coarse granular structure. The square dot shows the domain analysed using the Laue technique.
ent direction, even if grains 3 and 4 seem to rotate towards
the [1 0 1] direction; however not enough grains were fol-
lowed to be able to conclude a general trend. Table 2 gives
the amount of rotation of the austenitic lattice with respect
to the applied load. It is observed that this lattice rotation
takes place from the very beginning of the loading
sequence. For applied stress <280 MPa, when the alloy is
still in the elastic domain, rotation angles are small and
quite similar for all grains. But as soon as the martensitic
transformation starts in grain 2, its rotation increases twice
as fast as that for grains 3 and 4, which remain in the elastic
regime. Almost at the same time, grain 1 starts to trans-
form too, and its rotation angle stays within the same order
of magnitude as grain 2.
At a greater stress level, all grains transform, and signif-
icant but diﬀerent lattice rotations are observed in all cases.
A more than one to three ratio is observed between grain 1,
which experiences the larger rotation, and grain 4, which
presents the smallest one. One may conclude that the
amount of heterogeneity increases when the phase transfor-
mation evolves.
During unloading, as presented Fig. 4b, it is observed
that these grains rotate back towards their initial position.
However, the reverse rotation is not complete: a small
residual misorientation remains; its magnitude varies
between 0.2 and 0.5, as mentioned in Table 2. This plastic
residual orientation appears less sensitive to the crystallo-
Fig. 3. Stress–strain curve of the CuAlBe superelastic sample recorded during the 3DXRD experiment. Square dots indicate the analysis points.
Table 1
Initial crystallographic orientation and “Schmid” factor of the diﬀerent
grains studied.
Grain Tensile
direction X
[UVW]
Transverse
direction Y
[U0V0W0]
Normal
direction Z
[HKL]
Schmid
factor
1 [0:12; 0.86;
0.49]
[0.03; 0:50; 0.87] (0.99; 0.12;
0.03)
0.31
2 [0:17; 0:95;
0.28]
[0.96; 0:22; 0:15] (0.21; 0.24;
0.95)
0.49
3 [0:81; 0:12;
0.57]
[ 0:08; 0.99; 0.09] 0:58; 0.03; 0:82 0.40
4 [0:17; 0.50;
0.85]
[0.05; 0:86; 0.51] (0.98; 0.13;
0.12)
0.41
Fig. 4. The change in load axis orientation of the austenite in grains 1–4 determined from the 3DXRD method during (a) loading and (b) unloading.
graphic than to the elastic orientation. The origin of this
residual misorientation may be related to internal stresses
and/or to the presence of retained martensite [15].
As the grains orientation is modiﬁed, the Schmid factors
are also likely to vary. Knowing the crystallography of the
martensite variants, the initial parent phase lattice orienta-
tion and the rotation undergone by each grain during the
transformation, the evolution of the maximum Schmid fac-
tor during a loading sequence was determined for the four
grains analysed. These evolutions, presented in Fig. 5, are
very small; the maximum Schmid factors remain almost
constant in the four grains analysed. The lattice rotation
eﬀect even slightly decreases the Schmid factor for grain
2. The larger increase is observed for grain 1. Therefore,
the grains do not seem to rotate to increase their Schmid
factor and ease the martensite formation.
3.1.2. Sub-grain formation
Fig. 6 focuses on the detailed orientation evolution of
grain 2 during the loading and unloading sequence. This
grain is chosen because it is among the ﬁrst to transform.
Upon loading (Fig. 6a), a single diﬀracting domain is
observed during the elastic regime, and the rotation of
the austenite lattice increases slowly to 0.75 ± 0.25. At
300 MPa, the formation of two diﬀerent diﬀracting
domains (represented by the two green dots) is observed,
which corresponds to the formation of two distinct orienta-
tions within the parent phase. They are misoriented by a
0.5 angle; this value is larger than the measurement uncer-
tainty. These sub-domains appear at the same time as the
ﬁrst martensite variant. One may assume that the forma-
tion of this variant splits the austenitic grain into two
austenitic sub-domains. The number of austenitic diﬀrac-
tion spots increases continuously with the applied load.
At the maximum imposed load, ﬁve parent phase diﬀract-
ing domains are observed for grain 2, and the misorienta-
tion between these sub-domains reaches 1.5. One may
conclude that the development of the transformation and
the formation of martensite plates inside an austenitic grain
results in a distribution of the parent phase lattice in many
sub-domains. The same trend is observed in each of the
four grains analysed in this study. The number of austenitic
diﬀracting sub-domains and their orientation dispersions
are summarized in Table 3. It is noticed that grain 4, which
experiences the smallest rotation (see Table 2) also presents
the largest number of sub-domains and the maximum rota-
tion dispersion (up to 2.2). In contrast, the smallest num-
ber of sub-domains and the smallest dispersion are
observed in grain 1, which is the one experiencing the larger
rotation. This seems to indicate that a direct relation
between these characteristics does exist.
Upon unloading, Fig. 6b shows that the ﬁve sub-
domains formed during the loading sequence slowly merge
into one single domain. At 400 MPa, four diﬀerent austen-
itic diﬀracting domains are still observed; at 345 MPa,
three domains remain visible; and at 300 MPa, the grain
2 has recovered a single austenitic diﬀracting domain. This
domain continues to rotate up to the end of the unloading
sequence, coming very close to the initial crystal orienta-
tion of this grain; the ﬁnal misorientation is only 0.4. In
conclusion, the 3DXRD measurements have pointed out
that the austenite orientation varies during loading and is
reverted upon unloading; a small residual rotation is
Table 2
Average rotation of the tensile direction in comparison with the crystal
axis.
Macroscopic loading Grain rotation ()
Stress (MPa) Strain (%) 1 2 3 4
300 0.6 0.5 0.5 0.3 0.4
360 1.3 1 1 0.5 0.5
410 3.0 1.9 1.5 0.6 0.6
430 3.7 2.9 1.8 1 0.8
445 4.5 3.8 2.0 1.8 1.3
465 5.4 4.9 2.5 2 1.4
0 (unloaded) 0.3 0.4 0.5 0.2
Fig. 5. Inﬂuence of crystal lattice rotation on the evolution of the maximum Schmid factors inside the four grains considered.
observed. As the martensitic transformation occurs, it is
observed that the initial austenite orientation splits into
several sub-domains of various orientations. One may
assume that this is strongly related to the formation of
martensite variants which “divide” the grain. To verify
the localization of the sub-domains, microdiﬀraction exper-
iments were carried out.
3.2. Orientation map within a grain (Laue microdiﬀraction
results)
The previous section highlighted the grain behaviour.
With Laue microdiﬀraction, the behaviour at the micron
scale can be analysed inside the grain. The overall behav-
iour is presented in Fig. 7; the deformation is obtained
from cross-heads’ displacement. In this experiment, as the
grain size is almost the same order of magnitude as the
sample dimensions, the behaviour is closer to single crystal
than polycrystal behaviour. Fortunately, this diﬀerence has
no real inﬂuence for the microstructural analysis.
As mentioned in Section 2.3, these measurements give
access to the three Euler angles. In the following, for sim-
plicity, as the three angles give similar information, only
mapping with the h angle will be presented. Fig. 8 presents
the diﬀerent maps obtained during the loading sequence,
from 0 MPa to 120 MPa (Fig. 8a–d), and during unloading
Fig. 6. (a) Parent phase lattice rotation determined in grain 2 during (a) loading and (b) unloading. Mean value evolution of all the angular positions of
the diﬀracting sub-domains observed for a given loading step. In (b) the dashed circles represent a measurement uncertainty of ±0.25.
(Fig. 8e and f). In these maps, white areas are non-indexed
zones, corresponding to martensite plates, underlined with
white ellipses. Before loading (Fig. 8a), a strong local het-
erogeneity, up to 1 of misorientation, is observed. A sim-
ilar heterogeneity is obtained for maps using u and w Euler
angles.
For a 50 MPa applied stress, the sample is still in the
elastic regime (see Fig. 7); the mean (u, h, w) value has
changed compared with the initial state; this is due to a
macroscopic rotation of the specimen during the ﬁrst load-
ing (as presented Fig. 8b). The existence of retained mar-
tensite variants is still observed, but the main observation
is a slight reduction in the local heterogeneity of the crystal-
line orientation of austenite. At 90 MPa applied stress, the
stress-induced martensitic transformation begins, and the
occurrence of the ﬁrst stress-induced variant is observed
by optical microscopy. This variant corresponds to the
straight non-indexed area in Fig. 8c.
At the maximum applied stress of 120 MPa, the size of
the martensite plates has strongly increased, and only a
small portion of the map can be indexed to give the austen-
ite orientation. In addition, a read-out problem from the
detector leads to the lost of any information between
5370 and 5390 lm (Fig. 8d). Nevertheless a gradient of ori-
entation is observed inside the small austenite domain, but
there is not enough information to reach a conclusion.
During unloading, at 70 MPa (Fig. 8e), all the austenite
volume is indexed, revealing two austenitic domains sepa-
rated by a martensite plate. Inside each domain, the maxi-
mum misorientation is 0.3, and between both domains,
considering a mean orientation for each one, it is equal
to 0.6. Such an orientation diﬀerence stays within the same
order of magnitude as that obtained between sub-domains
in the 3DXRD experiment. This observation validates the
assumption made from the analysis of the 3DXRD diﬀrac-
tion results. The appearance of the stress-induced martensite
variant results in the formation of austenite sub-domains
located at each side of the martensite plates. By comparison
with Fig. 8b, the lattice orientation appears more homoge-
neous inside austenitic sub-domains during unloading than
during loading.
After complete unloading, the austenite lattice orienta-
tion seems homogeneous in most of the surface analysed
(Fig. 8f), but some regions present a misorientation similar
to that determined before the loading sequence, and a small
plate of martensite is observed with the same orientation as
in Fig. 8a. In order to compare in a quantitative way the
results obtained using the 3DXRD technique and Laue
microdiﬀraction, the average values of Euler angles (u, h,
w) were determined for each loading and unloading step.
The orientation matrix U of the austenite was calculated
from the knowledge of these three angles [33]. The accuracy
of the Laue microdiﬀraction technique allows the observa-
tion of a rigid body rotation of the austenite lattice due to
the positioning of the sample inside the grips during the
Table 3
Major results obtained for transformation in the four grains considered by
3DXRD method.
Grain
1 2 3 4
Stress when the ﬁrst domain division
appears (MPa)
340 300 360 360
Transformation order 2nd 1st 3rd 3rd
No. of austenitic domains (maximal dispersion)
At 360 MPa 2
(0.3)
2
(0.5)
2
(0.6)
4
(0.6)
At 410 MPa 1 4
(0.7)
3
(0.8)
5
(1.1)
At 430 MPa 1 4
(0.8)
3
(1.0)
6
(2.0)
At 445 MPa 1 4
(0.9)
1 7
(2.2)
At 465 MPa 1 5
(1.5)
1 6
(1.8)
Fig. 7. Stress–strain curve of the CuAlBe superelastic sample recorded during the Laue-microdiﬀraction experiment. Square dots indicate the analysis
points.
ﬁrst stage of loading. Then, considering the mean orienta-
tion at 50 MPa as a reference, a maximum mean rotation
angle of 2.5 was measured at 120 MPa; this is within the
same order of magnitude of rotation value observed in
Fig. 8. Map of the local orientation (h angle) of the crystal lattice of austenite as a function of loading stress: (a) initial map at zero stress; (b) 50 MPa; (c)
90 MPa; (d) 120 MPa (only a limited portion is indexed owing to the formation of large amount of stress-induced martensite and the occurrence of a
detector problem); (e) 70 MPa during unloading; (f) after complete unloading at zero stress. The small white ellipse indicates a retained martensite variant.
The white area corresponds to stress-induced martensite.
the 3DXRD experiment. During the unloading sequence,
the austenite experiences an inverse rotation, the rotation
angle being 1.3 at 70 MPa. No residual rotation is
observed in this experiment; the unloading orientation is
very closed to the initial orientation (considering it takes
place at 50 MPa to account the rigid body rotation),
whereas the residual rotation was 0.4 in the 3DXRD
experiment. This diﬀerence can be due to the grain orienta-
tion, which is not the same in both cases. It can also be
related to the diﬀerence in data acquisition techniques:
Laue microdiﬀraction analyses a small volume at the free
surface (0.0004 mm3) compared with the 3DXRD
method, which considers embedded grains within the bulk
and samples of a larger volume (0.032 mm3). Moreover, the
maximum strain reached was not the same in both
experiments.
Table 4 summarizes the evolution of the rotation of the
austenite and diﬀerences between maximum and minimum
orientation values (dispersion). A decrease in the mosaı¨city
of the austenite with the applied stress was observed, and
an increase back to the initial value during unloading. This
result was conﬁrmed by the evolution of the lattice curva-
ture measured on a single crystal using a hard X-ray dif-
fractometer [34].
4. Discussion
Experiments performed in this study establish that the
stress-induced martensitic transformation in a Cu74Al23Be3
SMA induces rotation of the crystal lattice of the austenite
parent phase. Fig. 4 clearly highlights this rotation. The
detailed results presented for grain 2 in Fig. 6 show that
the number of austenite diﬀracting sub-domains increases
during the transformation. Similar results were obtained
by Poulsen et al. on a polycrystal of aluminium deformed
plastically at room temperature [21]. They showed that
the magnitude of grain rotation depends on the initial ori-
entation of the grains. Only a few crystallographic orienta-
tions were investigated in the present work, so it is diﬃcult
to give a deﬁnite statement. Nevertheless, the crystallo-
graphic orientation seems to have an inﬂuence for SMA
too.
Poulsen et al. observed also that grains “split” into
several orientations at higher strains, corresponding to
sub-grain formation [21]. In aluminium, rotation and sub-
grain formation are irreversible phenomena. For CuAlBe
SMA, Fig. 6 demonstrates the reversibility of the lattice
rotation and shows that the austenite diﬀracting sub-domains
eventually merge into one single domain to recover the
initial crystal orientation at the end of the reverse trans-
formation. This is a major diﬀerence between the two
deformation mechanisms of plasticity and stress-induced
transformation. In SMA, the occurrence of sub-domains
can be related to the formation of martensite plates inside
the initial austenite grains, as shown in Fig. 8. The austen-
ite orientation diﬀers on each side of a martensite variant.
It clearly indicates that this misorientation takes its origin
in the martensite variant occurrence itself, and is not
related to the amount of strain that takes place in austenite.
Crystal rotation values obtained from the microdiﬀraction
analysis are consistent with the 3DXRD experiment. These
observations ﬁrmly establish the existence of a grain rota-
tion associated with stress-induced martensitic transforma-
tion and produce the set of results displayed in Tables 2
and 3. These are summarized as follows:
(1) The austenite crystal lattice undergoes a rotation of
several degrees when a stress-induced martensite
transformation takes place. The rotation angle
depends on the crystallographic orientation.
(2) This rotation comes along with the occurrence of a
reversible sub-grain formation mechanism. Within a
grain, the number of austenite diﬀracting sub-
domains increases with the progress of the
transformation.
(3) Austenite lattice rotation and sub-grain formation
are reversible phenomena. The initial austenite crystal
lattice orientation was recovered during the reverse
transformation.
These interpretations are reinforced by previous data
sets based on laboratory XRD measurements in a similar
SMA. Using a single crystal analysis methodology, the full
local stress tensor was determined in the austenite for indi-
vidual grains embedded into a polycrystalline sample [9]. It
appears that the local stress state increases with the applied
load during the elastic regime, but remains almost constant
as the martensitic transformation takes place within the
analysed grain. Considering elasticity is the only active
deformation mechanism in austenite before it transforms
to martensite, it can be concluded that the elastic deforma-
tion is constant in austenite during the transformation. In
the present investigation, only a small lattice rotation was
recorded in the elastic loading regime. Such a small rota-
tion fully agrees with the low value taken by elastic defor-
mation. Therefore the main part of austenite grain rotation
takes place during the martensitic transformation regime.
Thus the rotation found in this work is not related to the
deformation which takes place in austenite, but it is
required to accommodate the strain incompatibility due
to the austenite–martensite interface formation. This was
Table 4
Rotation and dispersion (diﬀerences between maximum and minimum
rotation values).
Macroscopic loading h angle () Dispersion ()
Stress (MPa) Strain (%)
0 0 61.9 1.2
50 0.02 58.8 0.8
90 0.22 58.8 0.55
120 2.4 57.7 0.5
58.1 –
70 1.31 58.6 0.3
58 0.4
0 0.02 58.8 1.1
ﬁrst assumed by Sittner et al. [15] in a Cu–Al–Zn–Mn
SMA; during stress-induced transformation, they observed
a widening of the austenite diﬀraction peak. They corre-
lated it to a decreasing size of coherent diﬀracting blocks
and to the stress redistribution between austenite and
martensite.
These analyses are consistent with the observation that
the number of sub-domains formed is large in grains pre-
senting only a small rotation. A transformation occurring
with the formation of few sub-domains is likely to be asso-
ciated with the formation of large martensitic plates inside
the grain. Existence of such large martensite domains will
require large rotation to accommodate the amount of
strain incompatibility in this case. As a consequence, the
rotation found in this work must be strongly size depen-
dent, with large rotation related to coarse grain size and
small rotation related to small grain size. Additional exper-
iments are in progress to asses this assumption.
5. Conclusion
In this study, a unique multi-scale data set was obtained
using two novel microdiﬀraction techniques, pointing out
the evolution of crystallographic orientation within indi-
vidual grains during an in situ tensile test. It was found
that:
1. During loading, the average orientation of a grain is
rotating; the rotation angle is larger during the elastic
regime than in the transformation regime. Moreover,
it is dependent on the initial grain orientation.
2. Upon unloading, the reverse rotation is observed with a
small residual misorientation.
3. During the martensitic transformation, the austenitic
grains split into sub-domains of diﬀerent orientations,
located from each side of the martensite plates. These
sub-domains merge together upon unloading.
4. These measurements will oﬀer a good database for mod-
elling, in particular to validate micro–macro modelling,
where one has to deﬁne a representative volume element.
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